We report on the radial-velocity variability of G-type giants based on the results of precise Doppler measurements of 57 stars that were observed for the first 3 years of the Okayama Planet Search Program. This program aims to search for planets around intermediate-mass stars in their evolved stages as late-G giants. We found that most of the targets with B − V < 1.0 have radial-velocity scatters of σ ∼ 10 m s −1 , with the most stable reaching levels of 6-8 m s −1 , while those with B − V > 1.0 typically show σ ∼ 20 m s −1 . In total, about 60% of the targets are stable in radial velocity to a level of σ < 15 m s −1 over 1-3 years, and about 90% have σ < 30 m s −1 . We found that 4 stars (HD 30557, HD 34559, HD 68077, and HD 85444) show significant long-term radial-velocity trends, suggesting that they are probably orbited by unseen stellar or substellar companions. Three stars (HD 79181, HD 104985, and HD 141680) show periodic radial-velocity variations. HD 104985 is the first planet-harboring star discovered from our survey. The properties of the variations in these 3 stars have been, and will be, extensively discussed in separate papers. Relatively large, but not apparently periodic, radial-velocity variations of σ > 30ms −1 are found in 4 stars (HD 41597, HD 134190, HD 161178, and HD 176598). For most of the stars without showing any significant periodicity, we can exclude companions with K > 50 m s −1 , or m 2 sin i > 1.8 M J (a/AU) 1/2 (M * /M ) 1/2 for orbital radii a 1-2 AU.
Introduction
Precise measurements of stellar radial-velocity variations have revealed about 130 planetary candidates 1 around solartype stars. The planets exhibit a wide variety of masses and orbital characteristics (Marcy et al. 2003; Udry et al. 2003a , and references therein), and an increasing number of them is providing the possibility to explore the statistical properties, such as the correlation between the rate of occurrence of planets and the metallicity of the host stars Santos et al. 2004) , as well as the relation between the planetary mass and the orbital period (Zucker, Mazeh 2002; Udry et al. 2003b) . These observational results now stimulate the development of a deterministic model of planet formation around solar-type stars (e.g., Ida, Lin 2004a, b) .
On the other hand, planets around other types of stars have been less extensively surveyed and theoretically investigated. Searches for planets around massive stars ( 1.5 M ) are particularly important concerning the point that the properties of giant planets, if they exist, would constrain the time scale and the mechanism of planet formation, since both the lifetimes of the host stars (∼ 1 Gyr for 2 M and < 100 Myr for 5 M ) and those of their surrounding disks (< a few Myr; Haisch et al. 2001a, b) can be as short as the critical time scales of the current planet-formation (core accretion) theories (e.g., Pollack et al. 1996) . It will test the viability of the disk-instability scenario (Boss 1998) , in which planets can form in a much shorter period than in the standard core-accretion scenario.
The G, K giants, massive stars in evolved stages, are promising targets for Doppler planet searches around massive stars, because they usually have many sharp absorption lines in their spectra, while their younger counterparts on the mainsequence (B-A stars) have few, and often rotationally broadened, ones. Previous studies showed that K giants typically have radial-velocity variations of up to several hundred m s −1 with various time scales from a few days (Smith et al. 1987; Hatzes, Cochran 1994 , 1996 to several hundred days (Walker et al. 1989; Hatzes, Cochran 1993 , 1999 . Such variability can prevent us from detecting tiny signals due to planetary companions. On the other hand, Horner (1996) found that the radial velocities of 4 late-G to early-K giants are stable to a level of σ ∼ 25 m s −1 ; also, Frink et al. (2001) reported that many of 86 K giants in their sample showed small radial-velocity [Vol. 57, dispersions of σ ∼ 20 m s −1 during 1 year-long observations. This level of stability in radial velocity is small enough to detect massive planets in orbits relatively close to central stars. In fact, some planetary candidates have been discovered around such stars during the last few years (Frink et al. 2002; Setiawan et al. 2003; Sato et al. 2003; Mitchell et al. 2004) . From photometric observations, Henry et al. (2000) showed that the percentage of variable giants is a minimum for late-G classes with 0.8 < B − V < 1.0 among their 187 G-M giants. These observational results suggest that late-G and early-K giants are expected to be the most stable among evolved stars both in radial velocity and in photometry.
On these grounds, in 2001, we began a precise Doppler survey of 300 late-G (including early-K) giants to search for planets around intermediate-mass stars (1.5-5 M ) using HIgh Dispersion Echelle Spectrograph (HIDES; Izumiura 1999) at Okayama Astrophysical Observatory (OAO). A primary goal of this survey is to obtain statistical properties of planetary systems around more massive stars than the Sun in order to understand planet formation around them. In this paper, we report on the radial-velocity variability of G-type giants based on the results of 57 stars that were observed for the first 3 years of the survey (2001) (2002) (2003) . This paper is organized as follows: In section 2, we describe the details of our project. Observations using HIDES and the method of radial-velocity analysis are summarized in section 3. The results of Doppler measurements and periodogram analyses of the 57 targets are presented in section 4. We discuss our results in section 5 and summarize them in section 6.
Okayama Planet Search Program
The Okayama Planet Search Program surveys late-G (including early-K) giants in radial velocity, aiming to unveil the world of planets around intermediate-mass stars. This survey has several goals: 1) to find out whether giant planets exist around massive stars, 2) to constrain the time scale and the mechanism of giant planet formation observationally by deriving the rate of occurrence of giant planets and their properties as a function of the stellar mass (or disk lifetime), 3) to evaluate the orbital evolution of planetary systems by comparing the properties of planets around evolved stars, including red-clump giants, with those around dwarfs.
Our survey targets are selected from the Hipparcos catalogue (ESA 1997) according to the following criteria: stars with Girardi et al. (2000) .
1) V < 6 to attain a sufficient signal-to-noise (S/N) ratio, 2) a color index of 0.6 B − V 1.0 to achieve intrinsic radial-velocity stability to a level of σ 20 m s −1 , 3) an absolute magnitude of −3 M V 2 to include stars with masses of 1.5-5 M , and 4) a declination of δ > −25
• to be observed from OAO. We exclude stars identified as spectroscopic binaries or having companions within an angular separation of about 10 due to difficulties in the observation and analysis. Known photometric variables are also excluded based on the results of Hipparcos photometry. Totally, we have selected about 300 late-G or early-K giants for our program stars. Figure 1 shows their positions on the H-R diagram. Their luminosity and effective temperature are based on the bolometric correction and temperature scale calibrated by Flower (1996) . Evolutionary tracks for solar-metallicity stars, taken from Girardi et al. (2000) , are also shown. Stellar radii of the selected targets are estimated to be typically 10 R .
In 2001 July, we started to monitor 57 stars in our sample after a preliminary run for several months (2000 December-).
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They are listed in table 1 together with their properties, and are plotted on figure 1 by filled circles. The number of observed stars was enlarged to ∼ 180 in the second year, and all 300 targets have been under survey since 2004 January. We plan to monitor all of the targets during the next 3 years (6 years in total) to cover a complete orbital cycle for planets with a < several AU. To achieve the goals described above, it is indispensable to clarify the properties of our targets, such as the atmospheric parameters, mass, and evolutionary status. Thus, we also investigate the chemical abundances of various elements for all of our targets. The results of abundance analyses of the 57 stars are presented in Takeda et al. (2005) .
Lastly, our survey can also produce a list of candidates for transits to occur. A planet around a giant star has a higher 2 Several targets selected in the preliminary runs do not necessarily meet with the above criteria, but are kept observed in the subsequent runs.
probability of crossing the stellar disk than that around a dwarf, because the stellar disk of the giant is much larger than that of a dwarf. The light variation due to the transit for a giant system is on the order of 0.01%; thus, it would become a good target for space-based telescopes with a precision photometry capability, such as COROT 3 and HST.
Observations and Analyses
All observations for this program are conducted using HIDES equipped at the coudé focus of the 1.88-m reflector at OAO. For radial-velocity measurements, the wavelength region is set to cover 5000-6100Å, and the slit width is set to 200 µm, corresponding to a spectral resolution of R ∼ 70000 by about 3.5 pixels sampling. We can typically obtain S/N > 200 pix −1 for a V < 6 star with an exposure time shorter than 30 min. For stars that turn out to show significant radialvelocity variations, we also take a spectrum covering Ca II H and K lines in order to check the chromospheric activity (not simultaneously obtained with the radial-velocity data). In this case, we set the wavelength region to cover 3800-4500Å and the slit width to be 250 µm, giving a spectral resolution of R ∼ 50000. We can typically obtain S/N ∼ 20 pix −1 at the Ca II H and K line cores for a B ∼ 6 star with a 30 min exposure. The reduction of echelle data (i.e., bias subtraction, flat-fielding, scattered-light subtraction, and spectrum extraction) is performed using the IRAF 4 software package in the standard way.
For wavelength calibration in radial-velocity measurements, we use an iodine absorption cell (I 2 cell), installed on HIDES in 2000 October . Our modeling technique of an I 2 -superposed stellar spectrum (star + I 2 ) is detailed in Sato et al. (2002) . It is based on the works of Butler et al. (1996) and Valenti, Butler, and Marcy (1995) and is optimized for HIDES, in which the observed star + I 2 spectrum is modeled as a product of a high-resolution stellar and an I 2 template (courtesy of Dr. G.W. Marcy) spectrum convolved with the spectrograph instrumental profile (IP), which is reconstructed by combining 7 Gaussian profiles. In our technique, we determine the IP free stellar template from several to tens of star + I 2 spectra simultaneously with their IP and radial velocities (Sato et al. 2002) . We use a photon monitor in order to determine a photonweighted mid-exposure time, which is important to correct for any radial-velocity variation due to the Earth's motion. The measurement error of each observation is derived from an ensemble of velocities from each of ∼ 200 spectral regions (each 5Å long) in every exposure. We have been observing several solar-type stars with known radial-velocity behaviors to evaluate our measurement precision. The results of the radialvelocity measurements of 2 stars, ι Per (HD 19373, V = 4.05, G0 V) and ρ CrB (HD 143761, V = 5.4, G0 Va), are displayed in figures 2 and 3, respectively. ι Per is known to be a stable star in radial velocity at a level of 5 m s −1 (Marcy et al. 1997 ) and ρ CrB exhibits radial-velocity variations with a period of 39.8 d and an amplitude of 64 m s −1 due to an orbital motion caused by a planetary companion (Noyes et al. 1997) . As shown in these figures, we have achieved a Doppler precision of about 6ms −1 over a time span of 2 years. The radial velocities of the 57 stars that are presented in this paper have been monitored since 2001, the first year of the survey. We observed each star about 10 times with a typical interval of 1 or 2 months, and stars that turned out to show large radial-velocity variations were observed more frequently, and for longer periods of time than those without significant variations. The number and duration of observations and the mean measurement error of the radial velocities for each star are listed in table 2.
Results

Variability
The observed radial-velocity dispersions for the 57 stars are given in table 2 over a time span of 1-3 yr. The most stable ones reach levels of σ = 6-8 m s −1 . Examples of such stable giants in radial velocity are shown in figure 5. Since the typical measurement precision for all of the targets is 5-7 m s −1 , the source that contributes to this distribution is considered to be the stellar intrinsic variability. We discuss this in section 5.
We found that 4 stars (HD 41597, HD 134190, HD 161178, and HD 176598) have radial-velocity scatters of σ > 30 m s −1 without any apparent periodicity (see also subsection 4.3). Their radial velocities are shown in figure 6 . The cause of their variability is also discussed in the next section. Columns.
-(1) HD number; (2) number of observations; (3) duration of observations; (4) the mean measurement error of the radial velocity; (5) observed radial-velocity dispersion; (6) period derived by periodogram analysis; (7) false-alarm probability for the period of Col. (6); (8) 
Long-Term Trends
We found that 4 stars (HD 30557, HD 34559, HD 68077, and HD 85444) exhibit significant long-term radial-velocity trends. Their radial velocities are shown in figure 7 and those of HD 85444 are listed in table 3 together with their estimated uncertainties. The radial velocities of HD 30557 and HD 68077 can be well-fitted by a parabolic or a linear trend with ∼ 1kms −1 yr −1 , and HD 34559 also shows a nearly linear radial-velocity trend with ∼ −100 m s −1 yr −1 . These stars are probably orbited by unseen companions. Assuming that they have already completed a half period of a sinusoid, the minimum masses of their companions are roughly estimated to be ∼ 0.2 M for HD 30557, ∼ 0.1 M for HD 68077, and ∼ 16 M J for HD 34559. We adopt here stellar masses of 2.79, 3.07, and 2.58 M , respectively, from Takeda et al. (2005) . The companion to HD 34559 may still fall within the substellar-mass regime, while those to HD 30557 and HD 68077 are probably low-mass stars. The radial-velocity trend in HD 85444 can be interpreted as being a part of a Keplerian orbit with a significant eccentricity. Although one cycle has not yet been completed, we tried to estimate the orbital parameters for this star by a least-squares method. The resulting best-fit model is shown in figure 7 and its parameters are listed in table 4. Since the minimum of the radial-velocity curve is not covered well, a longer period cannot be ruled out at this stage. By adopting a stellar mass of 3.44 M (Takeda et al. 2005) , we obtain a mass for companion of m 2 sini = 55M J and a semimajor axis of 3.9 AU. It is not a planet, but possibly a brown dwarf or a low-mass star.
Period Search
To search for periodic signals in the derived radial velocities, we used the Lomb-Scargle periodogram (Scargle 1982) . We evaluated the periodogram power four-times more densely than the resolution in frequency, δf ∼ 1/∆T , between 4 and 1.5∆T d. Periods of less than 4 days severely suffer from aliasing in our present data. The periods giving the maximum power in the periodogram for each star and its false-alarm probability (FAP) are listed in table 2. FAP was estimated by using a bootstrap randomization method in which the observed radial velocities were randomly redistributed while keeping fixed the observation time. We generated 10 4 fake data sets in this way, and applied the same periodogram analysis to them. The fraction of fake data sets exhibiting a periodogram power higher than the observed one was defined as FAP. We found 3 stars [HD 79181 (P = 278 d), HD 104985 (P = 197 d), and HD 141680 (P = 312 d)] showing a significant periodicity in the radial velocity, with FAP being less than 10 −4 . HD 104985 was already reported in a previous paper to be the first planetharboring star discovered from our survey. As for the others, observations have continued to establish their variability; their results will be presented in separate papers. HD 41597, HD 134190, HD 161178, and HD 176598 are found to show relatively large radial-velocity scatters of σ > 30 m s −1 , which is about 3 times-larger than the typical radial-velocity scatter for our targets, but we could not find any significant periodicity in them at this stage (figure 6). Although HD 161178 shows a possible periodicity of 420 d (FAP = 0.0075), we need more observations to confirm this.
Upper Limit on Velocity Amplitude
For stars not showing any significant periodicity in the radial velocity, we set the upper limit on the velocity amplitude. Such kinds of studies have been studied by Walker et al. (1995) , Cumming, Marcy, and Butler (1999) , and Endl et al. (2002) . Firstly, we prepared 100 fake data sets by adding noise to sinusoids with a given period P i , amplitude K i , and phase, which is randomly chosen. The noise was generated by a bootstrap randomization method. Secondly, we evaluated in what fraction f of fake data sets exhibited a periodogram power Z(P i ) higher than the observed maximum one. This procedure was applied to other fake data sets of sinusoids with the same period P i and a different amplitude, K j . Then, such a K value as that gave f > 99% was considered to be the 99% upper limit on the velocity amplitude at the given period, P i . In table 2, we list the mean 99% upper limit on the velocity amplitude, K (averaged over period), for each star.
Discussion
Radial-Velocity Variability of G-Type Giants
Derived radial-velocity scatters versus B −V and M V for our targets are plotted in figures 8 and 9, respectively. Figure 10 is a three-dimensional color-magnitude diagram plotting the variability versus B − V and M V for the same stars as in figures 8 and 9. Most of the targets with B − V < 1.0 have radial-velocity scatters of σ ∼ 10 m s −1 , and they shape a peak in the distribution shown in figure 4 . We can detect planets with m 2 sini 1M J at a ∼ 1AU around such stable stars. This level of variability of G giants is lower than that of K giants, which typically show σ ∼ 20 m s −1 (Frink et al. 2001) . Frink et al. (2001) reported that there is a trend with color in the observed radial-velocity dispersions of K giants in the sense that the redder K giants show larger variations. Our results suggest that this trend may extend into late-G giants. Several targets have radial-velocity scatters of σ 20 m s −1 , even in the range of B − V < 1.0. Their variability could be due to activity-induced scatters or planetary companions. Thus, it is meaningful to continue observations of them. Stars with B −V >1.0 typically have radial-velocity scatters of σ ∼ 20ms −1 , which are comparable to that for K giants. Around such stars, it is difficult to detect planets with m 2 sin i < 1 M J , even in orbits close to central stars. We can see no correlation between the radialvelocity scatter and M V in the range of −1 < M V < 2.
We found that 4 stars (HD 41597, HD 134190, HD 161178, and HD 176598) exhibit large radial-velocity scatters of σ > 30 m s −1 without a significant periodicity. To check their chromospheric activity, we acquired spectra of Ca II H and K lines for them, and found moderate emission in these lines only for HD 176598, as shown in figure 11 . This star is identified as a bright X-ray source with a luminosity of L X = 1.2×10 30 ergs −1 by ROSAT observations (Hünsch et al. 1998) . From de Medeiros and Mayor (1999) , its projected rotational velocity is 3.1 km s −1 , which is relatively larger than that for typical G giants. These results indicate that HD 176598 is chromospherically active, and its radial-velocity variability may be due to rotational modulation. In figure 12 , we plot the radial-velocity scatter as a function of the surface gravity, logg, which was derived for our targets by Takeda et al. (2005) . The typical statistical uncertainty of logg is 0.1dex. As shown in the figure, all of HD 41597, HD 134190, and HD 161178 have log g < 2.5, which is smaller than the average in our sample. Furthermore, excluding HD 176598, which is a chromospherically active star, the radial-velocity scatter seems to be weakly correlated with log g in the sense that the stars with smaller log g values show larger variability. Such a correlation could give us a hint concerning the cause of the radial-velocity variability in G, K giants. Figure 13 shows a histogram of the mean-velocity upper limits listed in table 2. For most of the stars not showing any periodicity in the radial velocity, we can exclude companions yielding K > 50 m s −1 , which corresponds to m 2 sin i > 1.8 M J (a/AU) 1/2 (M * /M ) 1/2 for a 1-2 AU. Combined with the fact that the shortest period we have detected in our sample is 197 days (HD 104985), and all of the 4 planets currently discovered around K giants have periods longer than 180 days, although the number of the present targets is small, it may be suggested that massive and short-period planets are rare around these types of stars. This is similar to the case of single solartype stars, around which no planets with m 2 sin i 2 M J are found in orbits with P 100 d; this could be explained within the framework of current migration theory: the migration rate of planets decreases with increasing mass of the planet (Udry et al. 2003b ). To fully compare our results with those around solar-type stars, we need to reduce our detection limit down to at least K ∼ 20 m s −1 , which is comparable to the level of the intrinsic radial-velocity scatters for our targets, and to examine whether lighter planets (m 2 sin i 2 M J ) exist in orbits close to the central stars.
Implication for Planets around Massive Stars
Another important feature concerning orbital migration is the distribution of the orbital periods of the innermost planets. Around solar-type stars, most of the hot Jupiters have periods piled up at 3 days, suggesting that migrating planets have been stopped at this period by some mechanism. Several explanations are proposed for halting planet migration, including magnetospheric clearing of the disk, Roch-lobe overflow, or competitive accretion of outward and inward disk material onto the star and planet (Lin et al. 1996; Trilling et al. 1998; Kuchner, Lecar 2002; Lecar, Sasselov 2003) . To evaluate these mechanisms, it will be helpful to derive the orbital periods of the innermost surviving planets around a wide range of stellar masses. For example, Kuchner and Lecar (2002) predict that planets around early-A type main-sequence stars will collect at a radius of ∼ 0.3 AU, which is much further from the central star than that around solar-type stars due to a truncation of the proto-planetary disk at a sublimation temperature of 1500 K by the onset of a magnetorotational instability. While the Doppler technique may fail to detect planets around such massive stars on the main-sequence, it works well for those in their evolved phases as G, K giants. Therefore, it is again important to examine the distribution of inner planets around our targets.
Summary
Since 2001, we have carried out a precise Doppler survey of late-G (and early-K) giants using HIDES at OAO for the purpose of deriving the statistical properties of planetary systems around intermediate-mass stars (1.5-5 M ). We are now monitoring about 300 stars, aiming to detect planets within several AU during the next 3 years. In this paper, we have presented the results of radial-velocity measurements of the 57 late-G giants that were observed for the first 3 years of our survey.
The distribution of the radial-velocity dispersions for our targets shows a peak at around σ ∼ 10 m s −1 , with the most stable reaching levels of 6-8 m s Periodic radial-velocity variations have been found in 3 stars (HD 79181, HD 104985, and HD 141680) . HD 104985 is the first planet-harboring star discovered from our survey. We are now continuing observations of the other 2 stars to establish their radial-velocity variability. These results will be presented in our forthcoming papers.
HD 41597, HD 134190, HD 161178, and HD 176598 show relatively large, but not apparently periodic, radial-velocity variations of σ > 30 m s −1 . HD 176598 exhibits core reversal in the Ca II H and K lines, suggesting that its radial-velocity variability may be due to rotational modulation. The other 3 stars have small log g values of less than 2.5.
For most of the stars not showing any periodic radialvelocity variations, we can exclude companions with m 2 sin i > 1.8 M J (a/AU) 1/2 (M * /M ) 1/2 for orbital radii of a 1-2 AU. Considering that all of the currently known planetary companions to G, K giants have periods longer than 180 days, massive and short-period planets may be rare around these types of stars. Increasing the number of planetary candidates will allow us to evaluate this feature statistically.
